Fig wasps have been known as one of the best-documented examples of femalebiased sex ratio predicted from the local mate competition (LMC) theory. However, observed sex ratios appear more female-biased than predicted. Before a close match between theory and observation can be claimed, the number and sex ratio of offspring left by each foundress in a multi-foundress syconium need to be determined. We examined the clutch size and sex ratio of individual females of the pollinator fig wasp Blastophaga nipponica (Agaonidae) in experiments using a pair of fertile and sterile females in which sequence and time interval of entering syconia were manipulated. To determine the number and sex ratio of offspring left by each foundress in a multi-foundress syconium, we prepared sterilized females that could oviposit ordinarily but whose offspring could not develop at all, by irradiating the females with 60 Co gamma rays. Female fig wasps contributed different numbers and sex ratios of offspring to the total brood within a syconium, due to different entry times among them. The variation in clutch sizes with different entry times appeared to be caused by competition for oviposition sites, and sex ratios to be adjusted according to the clutch size.
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The local mate competition (LMC) theory was proposed by Hamilton (1967) who showed that in isolated subpopulations, female-biased sex ratios evolve because sons of a parent tend to compete with each other. Further development of LMC theory showed that inbreeding in haplodiploid species causes mothers to share more genes with daughters than with sons, and this selects for even more female-biased sex ratios (Hamilton 1979 , Taylor and Bulmer 1980 , Frank 1985 , Herre 1985 .
Due to their natural history, fig wasps have been widely utilized for testing the prediction of LMC theories. In each generation, a small number of mated females (called foundresses) oviposit in a syconium. Their offspring then mature, eclose, and mate within the syconium, meaning that sib-mating is a general rule in fig wasps. Fig wasps are haplodiploid, and are able to control the sex ratio of their offspring at oviposition by fertilizing or not fertilizing the eggs (Flanders 1956 ). This ability allows natural selection to influence female behavior to produce sex ratios adjusted to local conditions. Observed sex ratios in fig wasps supported the prediction of LMC theories qualitatively, but most of them appear more female-biased than predicted (Hamilton 1979 , Frank 1985 , Kinoshita et al. 1998 ; see also Herre 1985 , Herre et al. 1997 . Frank (1985) suggested that this deviation could be explained by differences in clutch size among foundresses. When clutch sizes vary, the level of inbreeding and LMC is greater than for equal-sized clutches. Basic LMC models assume that foundresses within a patch oviposit simultaneously with equal clutch size and sex ratio. However, oviposition of fig wasps is never truly simultaneous but occasionally sequential (Greeff and Compton 1996) , and the total number of eggs carried into a syconium by foundresses sometimes greatly exceeds the number of flowers available there for oviposition (Herre 1989 , Bronstein et al. 1998 . In multi-foundress syconia, therefore, foundresses regularly experience intraspecific competition for oviposition sites, and certain females often lay complete egg loads while others leave only fewer eggs (Kathuria et al. 1999) . Additionally, individual females could alter their offspring sex ratio, either in response to direct contacts with other females or in response to changes in availability of oviposition sites.
As Herre (1995 , Herre et al. 1997 ) emphasized, we need to know the details of the natural history of our study organisms in order to make meaningful tests of theory. Particularly, the parentage of individual fig wasps needs to be established to gain a clear picture of what is really going on. However, because no morphological or biochemical markers are available to distinguish the offspring of different females, the number and sex ratio of offspring left by each foundress in a multifoundress syconium have never been determined. We succeeded in quantifying these variables using females irradiated with 60 Co gamma rays that do oviposit ordinarily, but whose offspring cannot develop at all. Using this experimental system, we introduced a pair of females, one irradiated and one non-irradiated, into a syconium. Counts of the number of eclosed offspring provided a means of assessing contribution of an individual female (non-irradiated) to a brood in a syconium.
The specific questions addressed in this study are 1) how clutch size of individual fig wasps varies, and 2) how their sex ratios are adjusted conditionally when two foundresses oviposit in a single syconium. To answer these questions, we examined the contribution of first and second foundresses to combined broods in Blastophaga nipponica Grandi (Agaonidae); here, first foundresses mean those that were introduced into a syconium first, and second foundresses mean those introduced subsequently. We show that clutch size and sex ratio of individual fig wasps depended on sequence and time interval of entering a syconium. We describe the first evidence showing how fig wasps in a syconium change their clutch size and sex ratio conditionally.
Materials and methods
This study was conducted using a fig wasp, B. nipponica, on the campus of Kyushu University, Fukuoka, Japan from May to August 2000. B. nipponica is the only pollinator of the fig Ficus erecta Thunb. F. erecta is functionally dioecious: 'female' trees bear syconia containing only seed-producing female flowers, while 'male' trees bear syconia containing male flowers and sterile female flowers that feed ovules to fig wasps. The syconium is an inflorescence that has flowers inside its hollow cavity formed by a fleshy receptacle. Foundresses of B. nipponica carrying pollen enter male and female syconia through ostioles. In a male syconium, foundresses both pollinate and lay eggs into ovaries. The offspring develop to maturity in the galled ovaries. All matings occur among the offspring within a still sealed syconium. After mating, the females, but not the males, leave the natal syconium through the open hole of the ostiole to begin a new generation (Okamoto and Tashiro 1981) .
To examine how much dose of gamma ray irradiation is sufficient for letting females oviposit ordinarily but making their offspring unable to develop at all, we compared offspring production of females irradiated with 10, 30, 40, 60 and 100 Gy 60 Co gamma rays. Females were irradiated just after eclosion at 1.05 Gy min − 1 for 9.5, 28.6, 38.1 min and at 11.5 Gy min − 1 for 5.2 and 8.7 min to give doses of 10, 30, 40, 60 and 100 Gy, respectively. Females treated with 60 Gy oviposited ordinarily but left no offspring eclosed. Therefore, females treated with 60 Gy were used for the following experiments.
To quantify clutch size and sex ratio, we manipulated sequence and time interval when introducing two foundresses into a syconium. We introduced a pair of females into a previously bagged, receptive syconium in three different ways: a pair of non-irradiated females or a pair of the irradiated and non-irradiated females were introduced. In the latter, irradiated females were introduced first and then non-irradiated females, or the sequence was reversed. These pairs were introduced into each of the syconia at three different intervals: 0.5, 4, and 24 h. During 24 h the first foundresses presumably died or left the syconia after oviposition. Each foundress that entered a particular syconium had been reared from a different maturing syconium, guaranteeing that no two foundresses within an experimental syconium were sibs. Every introduction took less than 20 min per foundress, and after each introduction the syconia were bagged again to prevent other B. nipponica and the parasitic fig wasp Goniogaster inubiae Ishii (Torymidae) from entering the syconia. These syconia were collected just before the ostiole opened. Then, all male and female of the progeny generation were collected and counted for each syconium. By counting all eclosed wasps from a syconium where a pair of irradiated and non-irradiated females had been introduced, we could determine contribution of individual females. For example, in the case that an irradiated female was introduced first and a non-irradiated one secondly, all the eclosed wasps were the second female's offspring.
Logistic regression analysis was performed using LogXact-Turbo (Mehta and Patel 1993) to determine whether sequence of entering syconia and/or clutch size of each females affected the sex ratio of their offspring. Fig. 1 presents the result of experiments in which two non-irradiated females were introduced into a syconium. Clutch size (a) and sex ratio (proportion of males) (b) of two foundresses introduced at three different intervals are compared. The result of an experiment in which a single female was introduced is also shown. The clutch size of two foundresses was approximately two times as large as that of the foundresses that oviposited alone when a pair was introduced at a 0.5-h interval; however, it decreased with the time interval of introduction into syconia (Kendall's coefficient of rank correlation, t= −0.327, P B0.01). On the other hand, the sex ratio did not differ among the experiments differing in intervals of fig wasp introduction (KruskalWallis test, H=1.26, N.S.). foundresses decreased with the time interval of introduction into syconia (Kendall's coefficient of rank correlation, t= −0.340, PB0.001).
Results
The second foundresses left significantly less femalebiased offspring when they were introduced at a 4-h interval (Mann-Whitney test, U =15.0, PB 0.01) and a similar tendency was observed for the 24-h interval, although the difference was marginal (U= 181, P = 0.106). Each syconium produced a female-biased sex ratio. Sex ratios of first foundresses introduced at a 24-h interval were not different from those of the foundresses that oviposited alone (Mann-Whitney test, U= 229, N.S.). The sex ratio of first foundresses introduced at a 0.5-h interval was less female-biased than that of first foundresses introduced at 4-and 24-h intervals (Kruskal-Wallis test, H = 12.0, PB 0.005).
Logistic regression showed that both sequence of entering syconia and clutch sizes had significant effects on offspring sex ratio for the 4-h interval but only clutch sizes had significant effects for 24 h (sequence: b =0.4574, log likelihood ratio statistic (LR)= 12.4, PB 0.0005, clutch size: b = −0.0045, LR= 10.4, P B 0.005, constant = −1.59 for 4 h; sequence: b= 0.0454, LR= 0.189, N.S., clutch size: b= −0.0040, LR= 11.7, PB0.001, constant = −1.49 for 24 h). Positive b for sequence means that the sex ratio of offspring laid by females that had entered later was higher. Negative b for clutch sizes means that the sex ratio of offspring decreased with the clutch size of their mothers. The variation in clutch sizes with different entry times appeared to be caused by competition for oviposition sites, and sex ratios to be adjusted according to the sequence and/or the clutch size.
Discussion
In fig wasps, it has been observed that the sex ratio tends to be more female-biased than predicted (Frank 1985 , Kinoshita et al. 1998 ; see also Herre et al. 1997) . The variation in clutch size among foundresses ovipositing together within a syconium could explain the female-biased deviation, because the level of inbreeding and LMC is greater when clutch sizes vary than when clutch sizes are equal (Frank 1985) . However, previous researchers have quantified only the combined clutch size and total sex ratio of all females within a syconium, because no morphological or biochemical markers have been available to distinguish the offspring of different females. We settled this problem by using the females irradiated with 60 Co gamma rays that oviposit ordinarily but whose offspring can not develop at all. Our results showed that clutch size of second foundresses varies conditionally: a longer interval from entry of the first foundress to the second resulted in smaller clutch size of second foundresses. By contrast clutch size of first foundresses did not differ from that of foundresses that oviposited alone. Therefore if ovipositions occur sequentially, clutch size varies and then total sex ratio becomes more female-biased.
Why do the later females have smaller clutch sizes? Recently, Kathuria et al. (1999) showed that dead foundresses in syconia sometimes contained large numbers of unlaid eggs and thus many of the eggs taken into the syconium are destined not to be laid. Further, they observed that the mean number of unlaid eggs per female increased with number of foundresses sharing a syconium. When second foundresses enter a syconium, the accessible oviposition sites may have already been utilized, or the fig may have started to become unsuitable for oviposition. Under these circumstances, they will be unable to lay their full egg load (also see Herre 1989 , Bronstein et al. 1998 .
Our results showed that second foundresses tend to leave their offspring with a less female-biased sex ratio.
LMC models which allow females to produce variable clutch sizes (sequential: Suzuki and Iwasa 1980, Werren 1980; simultaneous: Frank 1985, Stubblefield and Seger 1990) predict that second females laying a relatively small number of offspring should produce a less femalebiased sex ratio. Our observation agrees qualitatively with this prediction. This occurred even though they did not have contact with first foundresses (at the 24-h interval). However, logistic regression showed that both sequence of entering syconia and clutch sizes had significant effects on offspring sex ratio when females contacted (at the 4-h interval) but only clutch sizes had significant effects when they did not contact (at the 24-h interval). This suggests that female fig wasps can assess whether a syconium has been previously oviposited by other females only when they contact, and that the less female-biased sex ratio of second foundresses is caused by the decrease in clutch size when they do not contact.
A possible explanation for this would be that fig wasps first lay a set number of male eggs and then female eggs, or at least mainly male eggs initially (Nefdt and Compton 1996, Kathuria et al. 1999 ; see also West and Herre 1998) . Therefore, although they could not assess whether a syconium had been previously oviposited by other females, they appeared to adjust their offspring sex ratio according to their sequence of entering a syconium. In the parasitoid wasp Nasonia 6itripennis, the cues used to adjust the offspring sex ratio in response to relative investment are different when females oviposit simultaneously on a patch from those used when they oviposit sequentially on a host (Flanagan et al. 1998) . In fig wasps, sequential oviposition without contacting other females might happen too infrequently for females to respond. We also showed that the sex ratio of first foundresses introduced at a 0.5-h interval was less female-biased than those of the other first foundresses. This finding indicates that the first foundresses introduced at a 0.5-h interval could adjust their offspring sex ratio, but those at 4 h could not adjust it even though they are expected to contact second foundresses. This observation also agrees with the suggestion that fig wasps lay mainly male eggs initially.
